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QUANTITATIVE HISTOCHEMISTRY OF RAT ORAL MUCOSA:
LACTATE AND MALATE DEHYDROGENASES*
STANLEY J. GERSON, D.D.S., Pu.D.,** JIJLIA MEYER, PH.D.** AND
HERMANN MATTENHEIMER, M.D.***
During the last decade, Lowry and his co-
workers perfected ultramicrochemical methods
("quantitative histochemistry") that make it
possible to assay a very small number of cells
(1, 2, 3, 4). As yet, quantitative histochemistry
has not been used to follow biochemical changes
during the stages of cell maturation that are
present as a spatial sequence in the successive
layers of stratified squamous epithelium. Hershey
and his associates have applied these methods to
the study of human skin, but they only isolated
either whole inguinal epidermis or plantar cellular
and horny layers, as well as hair follicles, sweat
glands and sebaceous glands in both regions
(5, 6).
The purpose of this investigation was to apply
ultramicrochemical methods to assay lactate
dehydrogenase (LDH) and malate dehydrogenase
(MDH) activities in the histologically demon-
strable layers of keratinizing epithelium. Oral
epithelium was used; since it is thicker than
cutaneous epithelium, this tissue could be dis-
sected into the various layers more easily. The
mucosa of the cheek and that of the hard palate
of the rat were studied, because, in rodents,
these two regions have histologically distinct
types of keratinizing epithelium (7).
MATERIAL AND METHODS
Specimens of palatine and buccal mucosa were
taken from young adult male Simonsen albino rats
immediately after their death and rapidly frozen
in liquid nitrogen. Sixteen-micron thick frozen
sections were cut in a closed cryostat at —15°C,
dried for 18 to 24 hours at 25 to 50u Hg at —35°C
and stored at —20°C. The dried sections were dis-
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sected in a room maintained at 19 to 21°C and at
less than 40% relative humidity in order to inhibit
the condensation of moisture on the sections.
Usually the mucosa was dissected into six layers
(supporting tissue, basal, lower spinous, upper
spinous, granular and horny layers), but at times
the whole cellular layer was isolated from the sup-
porting tissue and the horny layer. Each dissected
piece was weighed on a quartz-fiber ("fish-pole")
balance (8, 9) having a sensitivity of 3.90 X 109g
per distinguishable unit of deflection. The weights
of the dissected pieces (tissue samples) ranged
from about 8 to 200 X 109g.
Each tissue sample was incubated with an appro-
priate substrate and coenzyme in a buffered solu-
tion (Table I). In the reactions used, equimolar
amounts of converted substrate and NAD are
produced. Since NAD can be assayed by fluoro-
metry, a method much more sensitive than spec-
trophotometry (12), the amount of NAD produced
was used as a measure of the amount of substrate
converted (Farrand fluorometer, model A; primary
filters, Corning no. 5860 and secondary filters,
Corning nos. 4308, 5562 and 3387). Enzyme activity
was computed for each tissue sample and was ex-
pressed as micromoles of substrate converted per
gram of dry tissue per minute at 37°C.
Standard errors of average activities were com-
puted from the pooled variances of the individual
animals (13). The statistical significance of differ-
ences was determined from the paired observations
in the cheek and palate of the same animal (14).
RESULTS
1. Enzyme activigies in successive epithelial
layers (Table II, Fig. 1).—LDH and MDH
activity in the palatine and the buccal epithelium
decreased between the basal and the horny layers.
The decrease occurred in steps from each layer
to the one superficial to it. Seventy-one of
seventy-two comparisons in individual animals
showed a decrease between successive layers.
When average activities were considered, the
differences were usually of sufficient size to be
statistically significant or nearly so. Enzyme
activity was present in the horny layer, in con-
trast to what has been concluded from histo-
chemical studies (15).
. Comparison of LDH and MDH Activities
(Table II, Fig. 1).—In homologous layers and in
the whole cellular layers of both regions, MDII
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activity was consistently higher than LDH
activity, although they were of the same order of
magnitude. The differences were more marked
and more often statistically demonstrable in the
cheek than in the palate.
With outward progression, MDII activity
decreased more rapidly than LDH activity, re-
ducing the discrepancy between them in succes-
sive homologous layers. This steeper decline was
more marked in the cheek than in the palate.
In the cheek, the difference between the two en-
zymes diminished from an MDII: LDH ratio of
1.61 in the basal layer to 1.22 in the granular
layer, and in the palate from 1.28 to 1.14 (Table
III).
8. Comparison of palatine and buccal epithelium.
—Palate and cheek epithelium had similar levels
of enzyme activity in homologous layers and in
the whole cellular layers (Table II, Fig. 1).
Differences were noted between the two epithelia
in the rates of peripheral decrease in the activity
of both enzymes (Fig. 2). From the basal to the
lower spinous layer, MDII activity decreased
twice as steeply in the cheek as in the palate. The
activities of both enzymes in the buccal lower
spinous cells were less than in the palatine lower
spinous cells. However, with the departure of the
cells from the lower spinous layer, all subsequent
rates of decrease were smaller in the cheek than
in the palate. The upper spinous layers had
identical levels of activity in both regions, and
the granular and horny layers in the cheek had
higher MDII and LDH activities than in the
palate. The steeper gradient in the palate was
evident also from the fact that the differences
between successive layers were statistically
significant twice as often as in the cheek (Table
II, Fig. 1).
4. Levels of activity of rat oral mucosa in com-
parison to other tissues (Fig. 3).—Assays of the
whole cellular portion of palatine and cheek
epithelium of the rat showed LDH activity to be
somewhat higher than in the corresponding
portion of the human plantar epithelium and
about twice as high as in whole epidermis of the
human inguinal region. (Activity in the cellular
portion of the human inguinal epithelium may be
as high as in that of the rat oral epithelium.)
LDH activity in rat oral epithelium was similar
to that in glomeruli and proximal convoluted
tubules, but one-third that in the distal con-
voluted tubules and the liver.
MDH activity in the cellular layers of rat
palatine and cheek epithelium was more than
twice that in the cellular layer of human plantar
epithelium and also in whole human inguinal
epidermis. It was about 30% higher than in rat
glomeruli and about 25% lower than in rat liver.
In the striated muscle that constitutes the
bulk of the subepithelial tissue of the buceal
mucosa, LDH and MDII activities were more
than ten times as high as in the fibrous connec-
tive tissue of the lamina propria in the palate.
The enzyme activities in the palatine larnina
propria were of the same order of magnitude as
in human dermis (5, 6).
DISCUSSION
1. Applicability of quantitative histochemi.stry
to oral mucosa.—Ultramicrochemical assays of
TABLE I
Conditions of enzyme assay
Reaction mixture
Products
Reactants Other constituents
LDII (10, 11)
MDII (4)
Na pyruvate, 1mM
NADH, 1.2mM
Oxaloacetic acid, 1mM
NADH, 1.2mM
Nicotinamide, 25mM
Beef serum albumin, 0.05%
Tris buffer (pH 7.15), 177mM
Nicotinamide, 25mM
Beef serum albumin, 0.05%
Tris buffer (pH 8.6), 90mM
10 sl
37°C
1 hr
10 Ll
250C*
1 hr
Na lactate
NAil
Malic acid
NAD
* Conversion factor to 37°C is 1.8.
All concentrations are final. Numbers in parentheses are literature references. NAD produced in each
tube was compared with NAD standards prepared by diluting a 10mM aqueous stock solution with the
reaction mixture. Blanks consisted of reaction mixture with no tissue sample added.
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TABLE II
Re.suits of enzyme assays
Layer
LDH MDII
Palate Cheek Palate Cheek
Basal
Avg
Range
SEM
838
702—995
112(72)
760
630—912
94(101)
1111
932—1212
41(73)
1159
972—1264
100(35)
Lower spinous
Avg
Range
SEM
763
662—944
96(75)
641
528—756
70(103)
944
720—1179
120(73)
837
629—990
69(37)
Upper spinous
Avg
Range
SEM
485
420—575
77(71)
501
443—565
51(103)
640
440—757
77(71)
654
540—790
63(39)
Granular
Avg
Range
SEM
332
282—428
35(70)
393
333—464
66 (103)
383
297—485
60(68)
455
363—524
37(35)
Horny
Avg
Range
SEM
94
87—102
16(62)
190
110—308
29(102)
199
103—348
33(72)
281
220—337
40(37)
Whole cellular layer
Avg
Range
548
462—665
559
513—619
731
625—837
936
884—988
Connective tissue
Avg
Range
133
120—148
(65)
203
185-228
(80)
Muscle
Avg
Range
1719
1325—2039
(90)
2753
2534—3112
(25)
LDH and MDII activity in palatine and buccal mucosa: average activity (micromoles per gram per
minute), range and standard error of the mean (13) for each dissected layer. Numbers in parentheses
are numbers of samples assayed. Numbers of animals studied were: LDH, 5 and MDII, 4 except for whole
cellular layer, where 3 were studied for LDH and 2 for MDII.
LDH and MDII activity in six successive layers heimer for the nephron (19). Landmarks stood
of palate and cheek mucosa were reproducible. out in the unstained sections, permitting exact
Differences in activity of 25 to 30% magnitude separation of most layers. The junction between
were statistically demonstrable with the use of as the lamina propria and the basal cells and that
few as ten tissue samples. between the granular and horny layers were
Errors of dissection probably played a smaller quite distinct. The boundary between the basal
role than that estimated by Pollak and Matten- and spinous layers was less sharp. The spinous
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Layer
Buccal
Ratio p
Palatine
Ratio p
Basal
Lower spinous
Upper spinous
Granular
Horny
1.61
1.36
1.35
1.22
1.88
.01
.05
.02
ns
.02
1.28
1.21
1.28
1.14
2.21
.01
ns
ns
ns
ns
* Probability of chance occurrence based on
Fisher's "t" (16).
** Not significant.
Average ratio of MDII to LDH activity in
homologous layers of buccal and palatine epi-
thelium in 4 animals.
layer was divided by inspection into lower and
upper halves. In the palatine epithelium ker-
atohyalin granules are concentrated in a discrete,
sharply demarcated layer. In the cheek, no abrupt
concentration of granules occurs, but a certain
number of rows of cells just deep to the horny
layer contain a conspicuous proportion of
them and these rows were considered as the
granular layer.
In contrast to the smaller errors of microdis-
section, random errors of technic perhaps
played a larger role than that estimated for the
nephron (19), due to the smaller size of the tissue
samples used in the present study.
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FIG. 2. LDH and MDII activities in palatine
and buccal epitheliwn: average activities in suc-
cessive layers. Symbols are identical with those in
Fig. 1. Note reversal of relative positions of the
enzymes in upper spinous layer. Positioning ofpoints on x-axis is arbitrary.
. Differences between cheek anti palate.—The
differences in the enzyme activities of cheek and
palate have their counterpart in other differences
between the two regions. Thus, the large drop in
activity between the basal and lower spinous cells
of the cheek, especially in MDII activity, in
contrast to the small drop in the palate may re-
flect the distribution of dividing cells in the two
regions. In the virtually identical mouse oral
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FIG. 1. LDH and MDII activities in dissected layers of palatine and buccal epithelium: average ac-
tivities and standard errors of means.
TABLE III
MDH:LDH ratios
— Palate
Cheek
LDH
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FIG. 3. LDH and MDII activities in oral mucosa and in other tissues as determined by quantitative
histochemistry. Numbers in parentheses are literature references. Stippled bars indicate data from this
investigation. All tissues are from rat except those of skin, which are human. LDH data from Bonting
et at. (10) have been decreased by a factor of 3.45 to compensate for impure NAD standards (Matten-
heimer, personal communication). Glomeruli and liver MDII data were determined with malate, rather
than oxaloacetate, as substrate.
mucosa, buccal epithelium has a 50% higher
mitotic rate than palatine epithelium (20) but
91% of the divisions take place in the basal layer
and 9% in the lower spinous cells. In the palate,
only 63% of the mitoses occur in the basal layer
and 37% in the lower spinous cells. In addition
to having a higher mitotic activity, the spinous
cells of the palate synthesize more tonofibrils
than those of the cheek (21).
In the center of the epithelium, cheek and
palate had the same LDH and MDII activities.
In the preceding layers, the activity tended to be
higher in the palate, but in the following layers
it was higher in the cheek. The reversal may relate
to differences in maturation that the two regions
show in the light and electron microscope (7, 21).
The buccal epithelium is thicker (Fig. 4). Beyond
the middle of the spinous layer, the shape and the
staining of its cells change little. The deeper
spinous cells already contain keratohyalin gran-
ules; these increase evenly in number and size in
the more superficial cells. The horny layer is
thick and loosely arranged. By contrast, palatine
epithelial cells change throughout the cellular
layer (Fig. 5). They contain increasingly larger
numbers of tonofibrils and assume progressively
flatter shapes. The granular layer makes a sudden
appearance near the surface; the keratohyalin
granules are smaller and much more numerous
than in the cheek. The horny layer is thinner
and is compactly organized. The electron micro-
scope shows that tonofilaments are better organ-
ized into fibrils and are more numerous in palatine
epithelial cells of the mouse than in buccal
epithelium (21). These differences become more
pronounced in the cells of the upper layers. It may
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be that the greater loss in enzyme activity in the
peripheral palatine cells is due to the rapidly
increasing proportion of keratin in the dry weight.
In the cheek this increase is not as marked. Layer LDH MDII
Palatine
Basal 100 100
Lower spinous 85 84
Upper spinous 56 57
Granular 37 34
Buccal
Basal 100 100
Lower spinous 85 68
Upper spinous 66 56
Granular 52 38
Average activity in each cellular layer expressed
as per cent of activity in basal layer.
3. Differences between LDH and MDH.—A
tendency for greater retention of LDH activity
than of MDII activity was noted in the buccal
cpithelium (Table IV). This may reflect an in-
creasing paucity of oxygen in the superficial
layers and consequently an increasing de-
pendence on anaerobic metabolism. The buccal
epithelium is thicker than the palatine and is
penetrated by fewer and shorter connective
tissue papillae. Its outer cells may be the most
oxygen-deficient. Hershey's finding (5, 6) of
LDH activity in excess of MDII in thick epi-
dermis (whole cellular layer of plantar epidermis),
but not in thin epidermis (whole epidermis of
inguinal region) perhaps points in the same
direction.
5UMMAEv
Fso. 4. Buccal mucosa of rat and Fio. 5—Pala-
tine mucosa of rat, >< 275, H & E, 16 u cryostat
sections. Buccal epithelium is thicker. Its cells
flatten only in granular layer. Keratohyalin gran-
ules are large and relatively sparse. Horny layer is
thick but not as compact as in palate.
Palatine cells become progressively flatter;
they are distinctly outlined. Individual kerato-
hyalin granules are too small and too numerous to
be made out in sections of this thickness. Horny
layer is relatively compact.
The levels of activity of lactate and malate
dehydrogenases in six successive histologically
distinguishable layers of rat buccal and palatine
mucosa were determined by quantitative histo-
chemistry. Differences in activity could be cor-
related with differences in the distribution of
dividing cells and of tonofibrils.
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